taurine was also observed suggesting a common carrier for the two amino acids. Of the various a-amino acids tested, only glycine, alanine, and arginine were found to compete for the taurine transporting system. It is concluded that the high concentration of taurine normally found in the lens is derived, at least in part, by active transport from intraoadar fluids.
concentration of taurine is one of the highest. 1 In certain tissues, taurine is presumably derived from the metabolism of sulfur-containing amino acids by the series of reactions shown on the opposite page.
That taurine may be formed in the lens in a similar manner is suggested by a study in which labeled taurine was detected following incubation of the lens with 14 C-labeled methionine. 2 However, it is possible that taurine in the lens may also be derived from intraocular fluids by an active transport mechanism. Previous studies 3 in this laboratory have shown that Taurine this amino acid accumulates in the ciliary body against a concentration gradient by a relatively specific carrier-mediated system.
In the present communication, evidence is presented to show that the lens, too, is capable of concentrating taurine from the bathing medium and that the characteristics of the transport system appear to be similar, in many respects, to those found in the ciliary body. These studies lead to the conclusion that the high concentration of taurine found in the lens may be derived, at least in part, from intraocular fluids by an active transport mechanism.
Methods
Lenses obtained from albino rabbits weighing between 1.7 and 2.2 kilograms were cultured in 5 ml. of synthetic media in the presence of 14 C-labeled taurine.
Two types of media were employed; one which contained various amino acids at a concentration normally present in intraocular fluids (KEI-4), and another without the amino acids (KEI-1A). The composition of the media and the lens culture techniques have been described previously. 4 " 0 14 C-taurine (specific activity 1.8 to 2.3 me. per millimole) was obtained from the New England Nuclear Corp. and its purity confirmed by chromatography. 7 The concentration of the labeled amino acid present in the medium for all experiments other than those concerned with saturation by nonlabeled taurine itself was 2 x 10~5M, and the actual radioactivity in each tube was 0.15 fie. When nonlabeled amino acids were used for saturation experiments or competitive inhibition, an equivalent amount of NaCl was omitted from the medium.
Following the desired period of culture, lenses were homogenized in 2 ml. of 10 per cent TCA and the radioactivity in supernatant fluid was determined in a liquid scintillation counter and compared with that in the initial medium (C m ). The concentration of radioactivity in the lens (Ci) was calculated on the basis of the lens water (65 per cent of the lens weight). The accumulation of the amino acid in the lens is expressed as a ratio of the concentration in lens water to that in the initial medium (•-).
Cm
For comparison of the effect of various amino acids on the accumulation of taurine, the rates of accumulation of labeled taurine were measured in the presence of 5 mM. concentration of the amino acids in medium containing no other amino acids (KEI-1A). Contralateral lenses, which were cultured in the presence of tracer quantities of labeled taurine only, served as controls.
Steady state levels of taurine were determined by culturing lenses for approximately 24 hours in KEI-4 medium containing 0.03 juc per milliliter 14 C-labeled taurine, then replacing it with a medium containing approximately 5 to 10 per cent of the initial activity. The replacement medium was allowed to mix for about two minutes and a sample of 50 A was removed to determine the exact level of the (initial) radioactivity in the medium. Culture was then continued for an additional 24 hours. This procedure reduced the time required to approximate steady state. The radioactivity in the lens and the final "postculture medium" were determined in the usual manner. Steady state conditions were considered to have been reached when no significant increase or decrease of tracer levels occurred in the medium during the second culture period. Generally, such conditions were attained when the concentration of 14 C-taurine in the replacement medium was 8 per cent of that employed initially. In a series of experiments (13 lenses), the ratio of the concentration in the lens water to that in the medium at the end of the second culture period was 70 ± 12.
For the measurement of the efflux rate, lenses were "preloaded" in a medium (KEI-4) containing labeled taurine for approximately 24 hours. The medium was then withdrawn and the tubes and lenses were rinsed with 3 ml. of a fresh medium containing no radioactivity by rocking the tubes for two to three minutes. The fluid containing small amounts of radioactivity was withdrawn and discarded. Five additional milliliters of nonradioactive medium were then added and 50 jil samples removed periodically to determine the amount of labeled amino acid that had leaked out of the lenses. Radioactivity initially in the sample withdrawn approximately two minutes after the introduction of the medium served as the zero reading. At the end of 24 hours, lenses were assayed for the remaining radioactivity in the usual maner and the total radioactivity present initially in the lens was calculated. Efflux of taurine into the medium is expressed as a percentage of radioactivity present in the lens. Precautions were taken to maintain the sterility throughout the culture period in the various experiments.
Results
Time course of accumulation and kinetics of transport. Taurine accumulates in the lens against a concentration gradient ( Fig. 1) , the distribution ratio compared with the concentration in the initial medium being approximately 11 at the end of 24 hours of culture in a medium containing no other amino acids. Fig. 2 shows that the accumulation of the labeled com- 
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NONLABELLED TAURINE (mM) Fig. 2 . Effect of nonlabeled taurine on the accumulation ratio of the labeled compound in lenses cultured for 24 hours in a medium containing no other amino acids. pound decreases with increasing concentration of the nonlabeled substance in the medium. The ratio decreases asymptotically from a value of approximately 11 to 0.4 over a range of concentration of 10 mM. and the highest rate of decrease being below 1 mM. concentration. These results indicate that the transport system is readily saturated by very low concentrations of the amino acid.
In order to learn about the transport process under conditions existing in the eye, the rates of accumulation (Fig. 3, A) , efflux ( Fig. 3, B) , and steady state distribution ratio in the lens were measured in a more complete medium (KEI-4). It will be seen that the accumulation ratio of taurine in this medium, which contains a physiological mixture of amino acids in concentrations similar to those found in the aqueous humor, is even higher (18 at the end of 24 hours of culture) than in a medium free of amino acids. It seemed paradoxical that the ratio of accumulation in the lens increased in the presence of amino acids where competition would be expected to reduce the uptake of labeled taurine. Accordingly, a series of experiments was performed in which contralateral lenses were employed to measure the accumulation of taurine in both types of media. For a period of approximately 16 hours, the accumulation in the lenses was found to be similar in both media. However, at culture periods beyond this time the ratios were higher in the medium containing other amino acids. These results suggest that the medium lacking amino acids may be inadequate to maintain the lens in a "physiological state" for extended periods of time.
The coefficients for active transport (k P ) and diffusion (k d ) for taurine in the lens were estimated from the "pump leak equation":
as described by Kinsey and McLean. 8 In the above equation C m and C { denote the concentration of taurine in the medium and in the lens, respectively, while V m and V t are equal to the respective volumes of 1 for k p and k d , respectively, were found to provide a good visual fit to the data. In solving for the above equation, appropriate corrections for changes in concentrations of both labeled and nonlabeled taurine in the medium during the 24 hour period of culture were taken into account.
To establish the relationship between the velocity of the pump to the substrate concentration, the values of k p at different substrate concentrations were determined by the procedure outlined by Kinsey and McLean. 8 It was assumed that k d is unaffected by the substrate concentration in the medium. The relationship of k p to the concentration of taurine in the medium is shown in Fig. 4 .
The data relating the velocity of the pump (K p ' C m • Vi) to the concentration of medium is shown in Fig. 5 . The velocity increases initially and then decreases beyond a substrate concentration of 0.2 mM. indicating that the saturation process does not conform to Michaelis-Menten kinetics. fDuring the preincubation period, the media were replaced once at the end of 7 hours and incubation continued for 22 hours. Following preincubation the lenses were cultured for a period of 24 hours in fresh media containing "Ctaurine.
The effect of temperature, metabolic inhibitors, and other factors. The effect of reduced temperature, anaerobiosis, lack of glucose or calcium from the medium, and of various metabolic inhibitors on the accumulation of taurine in the lens is shown in Figs. 6 and 7. Accumulation of taurine is highly dependent upon temperature and has an apparent Q 10 of approximately 5. Absence of glucose and calcium from the medium reduced the accumulation of taurine. Anaerobiosis has little or no effect on uptake. The divalent strontium ion apparently can replace calcium in the medium which restores the ability of the lens to accumulate taurine and even appears to have a stimulatory effect.
The metabolic inhibitors, cyanide, iodoacetate, and ouabain, all reduce the accumulation of taurine in the lens in varying degrees, while dinitrophenol has little or no effect (Fig. 7) .
The effect of ouabain on taurine accumulation in the lens was also investigated as a function of time. It will be seen from Fig. 8 that ouabain appears to inhibit accumulation of taurine from the onset of culture. These findings are in contrast to the observations made on alpha-aminoisobutyric acid (a -AIB) which was found to be affected by ouabain only after a delay of two hours of culture. the possible relationship between the transport of this amino acid and potassium and sodium. Absence of potassium ion in the culture medium has no immediate effect on the accumulation of taurine (Table  I) . However, when the potassium content of the lens was first partially depleted by culturing the lens in a potassium-free medium for 22 hours, taurine uptake was reduced by approximately 50 per cent in a potassium-free medium.
The sensitivity of taurine transport to modification of sodium ion in the media is shown in Table II . These results indicate that the accumulation of taurine in the lens is reduced by decreased sodium ion concentration in both KEI medium and Tyrode's solution. However, the lenses were quite cloudy in both media even after 4 hours of culture, suggesting that the lenses were highly abnormal and it is doubtful if any conclusion is warranted concerning the specific effect of Na ion on the transport of taurine.
The effect of structural analogues of taurine and other amino acids. The effect of a number of structural analogues and other amino acids on the.transport of XI Ctaurine was studied to determine the specificity of the system responsible for its accumulation. The structural relationship of the various analogues to taurine is shown in Fig. 9 . The ratio (^-) of radio- taurine alone. It will be seen from Fig. 10 that /?-alanine, which differs from taurine in having a carboxyl group instead of the sulfonic group, is almost as effective a competitor for the taurine transporting system as taurine itself. The higher homologues of /?-alanine show a decreasing competitive action for taurine transport as the length of the carbon chain increases.
The effect of a number of other analogues of taurine was also investigated and the results are shown in Fig. 11 . Introduction of a methyl group in the amino group of taurine (N-methyl taurine) reduces taurine accumulation to a lesser degree than saturation of taurine by itself. Similarly, the inhibitory effect of jS-alanine on the accumulation of taurine is reduced by the introduction of a methyl group in the a = position of /?-alanine (/3-AIB). The effect of substituting the sulfonic acid of taurine with other acid groups may also be noted on the accumulation of taurine in the lens (Fig. 11) . Hypotaurine, which results from substitution of the SO 3 H group of taurine with SO 2 H is a more effective competitor for taurine than taurine itself. Introduction of a second acid group in taurine molecule, as in cysteic acid, or removal of the ammo group (results not shown) renders the compound inactive since these substances had no effect on taurine accumulation.
Of the various a-amino acids studied, only alanine, glycine and arginine had any significant (P « 0.01) inhibitory effect on the accumulation of taurine (Figs. 12 and  13 ). While many of these observations on Fig. 13 . Effect of various a-amino acids (5 mM.) on the accumulation of 14 C-labeled taurine in lenses cultured for 24 hours, expressed as percentage of contralateral controls which were cultured in the presence of 14 C-labeled taurine only. The value given by each block is an average for a minimum of 5 experiments. The inhibition with arginine only was significant (P < < 0.01).
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Fig. 14. Effect of glycine and its N-methyl derivatives (5 mM.) on the accumulation of r elabeled taurine in lenses cultured for 24 hours, expressed as percentage of contralateral controls cultured in the presence of 14 C-labeled taurine only. The value given by each block is an average for a minimum of 5 experiments. The inhibition with glycine only was significant (P < < 0.01).
the lens are similar to those made on the ciliary body, alanine and arginine were found to be without competitive effect on the accumulation of taurine in the latter tissue.
The competitive effect of glycine for taurine is reduced by the introduction of N-methyl groups as shown by the results in Fig. 14 .
Discussion
The results of this study show that the lens can accumulate taurine against a concentration gradient by a process which is temperature and energy dependent, and is affected by a variety of metabolic poisons. These findings taken together with the observation that the process responsible for accumulation of taurine against a concentration gradient is readily saturated by taurine suggests that the compound is actively transported into the lens. Like the observations made previously with regard to the transport of other amino acids into the lens, 9 the energy for active transport of taurine appears to be derived from the anaerobic metabolism of glucose.
The observation that lenses cultured in a medium containing no amino acids accumulate less taurine than in the medium containing amino acids deserves some comment. The lower accumulation ratio of taurine in the former medium (KEI-IA) may be either due to decrease in active transport or increase in the permeability of lens "membranes." It is possible that loss of some of the free amino acids and other substances from the lens into the medium in some manner affects the active transport of taurine. Another possibility is that the lens "membranes" may become more permeable to taurine in the incomplete medium. To explore the latter possibility, lenses were preloaded with 14 Ctaurine in a complete medium (KEI-4) and the efflux determined using contralateral lenses in both types of media. The rates of efflux in the two media over a period of 24 hours were found to be indistinguishable. Since the efflux rate is at least as high in amino acid-free medium, despite a lower accumulation ratio, these results would be consistent with increased permeability of lens "membranes." However, the possibility that the active transport itself may have decreased cannot be excluded. In any case, when lenses are to be cultured for extended periods of time, the medium of choice is the one which contains the amino acids (KEI-4).
The kinetics of taurine transporting system into the lens (Fig. 5 ) are more complex than those encountered in the case of a-AIB 9 ' 10 and do not conform to the Michaelis-Menten kinetics. Because of this, the values of V mnx and K m could not be determined. However, taurine apparently has a very low K m on the order of 0.1 mM. While the exact nature of the saturation mechanism remains to be elucidated, it should be noted that the phenomenon observed in Fig. 5 where the velocity increases initially and decreases beyond a substrate concentration of 0.2 mM. may be due to substrate inhibition. A number of enzyme systems in which substrate inhibition is involved are known to exhibit similar kinetics.
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The inhibitory effect of ouabain, which affects transport of taurine almost immediately, suggests a more direct involvement of the enzyme, Na-K-ATPase in the transport of this amino acid. Previous studies in this laboratory have shown that the transport of a-AIB is also affected by ouabain but only after a delay of a two hour culture period, 7 suggesting the possibility that the effect of ouabain in this instance may have been secondary.
Failure to detect any reduction in the transport of taurine when cultured in a potassium-free medium probably means that taurine transport is not directly linked to the transport of this cation. The observation that accumulation of taurine is reduced when potassium content of the lens was partially depleted is interpreted to mean that a certain optimal concentration of potassium ion is required for sodiumpotassium activated ATPase and that the amino acid transport is reduced under these conditions due possibly to a decrease in the ATPase activity in the epithelium of the lens. It is interesting to note that under similar experimental conditions, i.e., after partial depletion of potassium from the lens, the accumulation of a-AIB was unaffected, which would further suggest that Na-K-ATPase may not be directly involved in the transport of this amino acid.
While the accumulation of taurine in the lens decreased in media deficient in sodium ion, all of the lenses were cata-ractous indicating that the physiology of this organ is disrupted. It is, therefore, questionable if the reduced uptake of amino acid can be ascribed to the specific effect of sodium ion. There are a number of studies 3 ' 12 in which a dependence of amino acid transport on sodium ion has been noted. In the ocular lens, too, it has been reported that there is a stoichiometric relation between the transport of a-AIB and sodium ions. 13 In all of these studies choline chloride was substituted for sodium ions in the medium, the implicit assumption being that choline chloride is an inert substance. The results of the present investigation raise the question if such an assumption is justified. The need for caution in interpretation of the results in which choline is used as a substitute for sodium has also been stressed by Macey and Koblick. 14 Because of the complex nature of the kinetics of taurine transport, it was not possible to analyze the data with Lineweaver and Burk plots to ascertain if competitive inhibition was involved in the process by which /3-alanine and other compounds reduce taurine accumulation in the lens. However, it was observed that the accumulation of jS-alanine, which also occurs against a concentration gradient in the lens, was effectively reduced in the presence of 5 mM. concentration of taurine. In Ehrlich cells, it has been reported that the transport of y8-alanine was inhibited by taurine only slightly but was reduced by 1-alanine to a greater extent than by /3-alanine itself. 15 ' 1G In the present study, the competitive effect of 1-alanine for jS-alanine was only small and of the same order of magnitude as for taurine. Thus, in the ocular lens, a common carrier or carrier site appears to be involved in the active transport of taurine and /?-alanine.
The results of the studies concerned with the competition of various analogues of taurine in the lens are similar to those observed in the ciliary body. The replacement of sulfonic acid with other acid groups results in quantitative differences in the affinity of the molecules for the reactive site. For example, substitution of sulfonic group with carboxyl (/3-alanine) or sulfinic (hypotaurine) does not appreciably change the affinity for the transport site in question. Replacement with phosphonic acid group, on the other hand, renders the molecule nearly inactive.
Introduction of a second acid group as in cysteic acid appears to abolish the reactivity of the molecule for the transport site. Introduction of an a-methyl group into ^-alanine (/3-AIB) and an N-methyl group into taurine makes these molecules somewhat less reactive.
Although the reason for differences in the reactivity of the various compounds to the taurine transporting site is not known, the affinity bears no obvious relation to their pK values.
Of the various a-amino acids studied, only glycine, alanine, and arginine had any significant effect on the transport of taurine. The results on the lens differ from those in the ciliary body in which tissue glycine alone showed any competitive effect for taurine. They also differ from those of other investigators 15 
"
17 who could find no detectable interaction between a-amino acids and the taurine transporting system in ascites cells. The observation that arginine, a basic amino acid, and two neutral amino acids, glycine and alanine, all compete with taurine is unexpected. While the competition of these amino acids to taurine is small, there are no previous reports in which a neutral and basic amino acid have been shown to compete for the same carrier or carrier site.
Finally, the present study demonstrates that taurine is actively transported into the lens, and suggests that the high concentration of this substance in the lens may be derived, at least in part, by active transport from aqueous humor. Whether significant quantities of taurine are formed in situ in the lens remains to be established.
